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INTRODUCTION 
Although the different metals may vary in color, strength, 
ductility, electrical conductivity, thermal conductivity and 
density, and even though these and other properties may vary in 
different directions, each of the metals has a crystalline 
structure. In one or more planes through the crystals, planes 
of maximum atomic density, shear will occur more easily than in 
other planes. These are known as planes of weakness or slip 
planes. It is possible under careful control to grow single 
crystals of appreciable size, but the metals available for in­
dustrial use are manufactured under such conditions that they 
are composed of millions of crystals. These many small crys­
tals, even though each is regular in its atomic formation, 
solidify from the melt with their planes of weakness in all 
possible directions; hence, all commercial metals, e.g. low-
carbon steel, are characterized by extreme randomness of crys­
tal orientation. 
A single crystal has different strengths in different 
directions; e.g. if the direction of loading is parallel to a 
slip plane slip will occur at a lower magnitude of load than if 
the direction is perpendicular to the slip plane. The random 
orientation of the crystals in a specimen allows some of the 
crystals to be in a more favorable position to resist loads 
than other crystals. Therefore, when a specimen is subjected 
to tension, some of the crystals begin to slip before the rest 
2 
do and twinning frequently occurs. As the tension increases, 
more of the crystals will slip and some of them will also 
undergo a partial rotation. The deformation that occurs before 
slip or rotation occur is an elastic deformation, and the 
specimen will recover its shape if unloaded; that deformation 
occurring as the result of slip or rotation is permanent and 
is termed plastic strain. It follows, therefore, that the 
axial strain which develops as axial stress is applied may in­
clude both elastic and plastic strain. 
Some of the properties of metals are sensitive to the 
internal structure of the metals while others are not; these 
structure sensitive properties include mechanical strength, 
elasticity, hysteresis and ductility (1). These properties are 
changed by work-hardening, which is the result of straining part 
of the metal into the plastic range. In engineering practice 
these and other properties are found and presented with the aid 
of a conventional stress-strain diagram which is plotted from 
data obtained in an axial loading test. Most metals obey 
Hooke's law, at least approximately, over a limited range. 
When this range is exceeded the change in the structure sensi­
tive properties becomes much more pronounced, and in the case 
of low-carbon steel an avalanche of slip occurs producing the 
conventional yielding phenomenon. If the steel is cold worked 
sufficiently the yielding is not so catastrophic, if it occurs 
at all, but the structure sensitive properties still undergo a 
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marked change. 
One of the properties which is extremely sensitive to 
changes in the treatment of the metal is the damping capacity 
(2), which is frequently determined from the hysteresis. 
Therefore, any treatment which affects the other structure 
sensitive properties should be reflected also in a change in 
the damping capacity. It is known that damping is a function 
of stress (3-4), although the precise function may not be 
known; it is also known that strain is a function of stress. 
Therefore, a correlation should exist between damping and 
strain, and we should be able to predict stress-strain 
relations from corresponding stress-damping relations. The 
purpose of this investigation is to make such a prediction. 
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SURVEY OF LITERATURE 
The characteristic of matter which today is designated 
damping has at various times been termed internal friction, 
molecular friction, elastic hysteresis, and crackless plastic­
ity by different investigators (2). Lord Kelvin (5), a 
pioneer in this area, described it as a molecular friction 
which he called the viscosity of solids. He observed in 1864 
that the rate of subsidence of vibration in matter was greater 
after oscillating for a time than it was at the beginning of 
oscillation. For his work he used a wire as a torsional pendu­
lum. He further observed that when the tension in the wire was 
increased, the viscosity was also greatly increased at first; 
but that day after day this solid viscosity decreased until it 
was no greater than it was without the increased tension. Also 
the subsidence over a given amplitude range was increased if 
the initial amplitude was increased. In a wire vibrated most 
of each day for several days, the molecular friction was 
greater than it was for a similar wire kept quiescent except 
during each experiment. The dying out of the vibration is not 
due to resistance which is linearly proportional to the veloc­
ity of the vibration; but appears to be due, at least 
partially, to imperfect elasticity, i.e. "elastische Nach-
wirking." 
As Thompson (2) remarked, interest in and investigation 
of damping was rather sporadic until about three decades ago. 
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The revival of interest was due primarily to the increasing 
operating speeds of modern machinery with resulting critical 
vibration. The attempt to determine which materials are most 
efficacious in damping vibrations prompted a continued interest 
in this characteristic. For instance, there are conditions 
under which a crankshaft made of cast iron is preferable, as 
far as service life is concerned, to the same part made of 
steel since the damping capacity of cast iron is much greater 
than that of steel. 
The metals used in machines and structures are poly-
crystalline materials with the axes of the crystals randomly 
oriented. The very randomness of orientation, while tending 
to impart overall isotropy to the metal, makes the determina­
tion of precise, fundamental relations difficult to obtain. 
For this reason a great deal of the investigation of damping 
has been done on single crystals, and frequently at stresses 
below the accepted proportional limit. 
According to Joffe (6), elastic after-effect, elastic 
hysteresis, and elastic fatigue do not occur in single, pure, 
regularly built crystals. These phenomena are the results of 
such things as the irregularities in heterogeneous material, 
stress in excess of the elastic limit and subsequent rupture 
in small weak regions within the material, and the interaction 
between crystalline grains. 
Accurate measurements show that Hooke's law does not hold 
6 
to the elastic limit, and that the nominal proportional limit 
decreases with increasing accuracy of measurement. From this 
Joffe concluded there is no true proportional limit. This can 
be interpreted to mean that even at low stress levels a small 
amount of plastic deformation occurs which leads to his obser­
vation that the elastic limit is reached upon the occurrence 
of small elementary glidings between crystal grains or inside 
the crystal itself. The effect of these glidings can be ob­
served on polished surfaces and are Lueders1 lines. At higher 
stresses this gliding or sliding is accompanied by a rotation 
of and within the crystals and a breaking up of the crystals 
into many parts, although transparency in the case of rock 
salt is not destroyed. 
From this Joffé concluded that crystals have a property 
which he termed the destruction limit, which is observed in 
Laue x-ray pictures by the single spots changing to radial 
beams. At 500 C no change in the x-ray picture of rock salt 
could be seen after 24 hours at a load 2 percent below this 
destructive limit, while if the load is 2 percent above the 
limit a change is observed in a single second. He stated 
that the phenomenon depends on internal stresses and temper­
ature but is independent of crystal size, and that the limit 
is the same for tension or compression. Rock salt from 
different localities, with different impurities and different 
surface treatments gave destruction limits within 2 percent 
7 
of each other. 
Joffe's experiments revealed that if only gliding of 
planes of atoms within the crystal occur the x-ray pattern is 
not changed. A permanent set due to gliding which appears 
before the x-ray pattern changes may be removed by stress of 
opposite sign. However, the set which occurs at the destruc­
tion limit is irreversible. Although the x-ray pattern 
changes at the destruction limit transparency does not change, 
and cohesion increases despite the breakdown of the larger 
crystal into small crystalline fragments. He concluded that 
in plastic flow separation does not exceed atomic distances. 
Joffe enunciated two limits: first, the elastic limit is 
the stress at which the first permanent set due to slip with 
negligible rotation appears; second, the destruction limit is 
the stress at which crystal fragmentation and rotation occur 
which is indicated by a change in the x-ray pattern. This is 
accompanied by interstitial residual stress which can be re­
moved by annealing. The grains become smaller due to 
fragmentation, but the crystal lattice remains the same. 
In a study on the endurance of constructional materials 
Becker and Foppl (7) pointed out that the usual assumption in 
strength of materials of solids being elastic is not true. 
They referred to fatigue failures of machine parts at stresses 
below the usual proportional limit as examples of the failure 
of the assumption. They also pointed out that vibration or 
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stress changes produce structural changes in the material-
most of their paper deals with polycrystalline steel—which 
are determined by static test. Plastic deformation occurs 
below the usual elastic limit although it is much less than 
the elastic strain. But they maintained that these plastic 
strains exert an essential influence on the continued use of 
the material. An example is cited in which at the elastic 
limit the nominal elastic strain was 0.10 percent of which 
3 percent was plastic deformation. 
They believed that torsion tests are best for determining 
fatigue characteristics. They claimed the existence of an 
endurance deformation corresponding to the endurance limit; 
however, this deformation does not obey Hooke's law since the 
vibration strength is greater than the proportional limit as 
determined by static tests. (This implies dynamic strength 
characteristics greater than static strength values.) Their 
experience indicates that damping is independent of frequency 
up to 2600 cpm. They also claimed that the damping capacity 
can be determined from a static test; their method of doing 
this was to take the ratio of the hysteresis to the total 
energy absorbed in cycles of slow loading and unloading as the 
damping capacity. It should be pointed out that they have 
implied different characteristics in dynamic and static 
loading. 
It should be remarked that most of the properties of 
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materials used by design engineers are determined from static 
or essentially static tests. Only in recent years has there 
been much continued effort toward determining properties 
present in or controlling dynamic situations. Even today, 
there are no standard clear-cut methods for obtaining dynamic 
characteristics. In fact, most of the effort in the past has 
been in improving and verifying procedures for obtaining 
values from static tests, which are—with or without modifi­
cation—used for dynamic design. 
In 1929, Templin (8) presented an interesting paper on 
the proportional limit which is the limiting stress at which 
unit stress is proportional to unit strain. While conceding 
the proportional limit may be a safe limit for the application 
of the usual mathematics and mechanics in the design of metal 
structures, he pointed out many difficulties are involved in 
its determination, and to use it as a routine specification 
causes unwarranted hardships to manufacturers. 
The material tested, the test specimen used, the testing 
apparatus used, the testing procedure followed, and the inter­
pretation of the results obtained are factors affecting the 
value of the proportional limit. Not only are metals as used 
and tested generally heterogeneous, anisotropic crystalline 
materials; but they also vary in performance due to voids, 
inclusions, seams, grain sizes, segregations, and non-uniform 
tempers. Any of these factors may cause local yielding or 
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failure with the result that an excessive amount of testing is 
required to get reliable values. Variation in strain, 
straightness, and dimensions of the specimen give scattered 
values for the proportional limit while affecting the ultimate 
stress or yield strength at a specified offset but slightly. 
Machining test specimens to size may either induce or relieve 
residual stress and strain. The lower the speed of testing, 
i.e. a decrease in the rate of deformation, the lower will be 
the proportional limit. The scale used in plotting unit 
strain in the stress-strain curve greatly influences the pro­
portional limit, while the yield strength and ultimate stress 
remain the same. His conclusion was that when the factors 
affecting the proportional limit can be rigorously controlled 
the results have value in defining the limit to which Hooke's 
law may be validly applied in design; however, since yield 
strength has significantly less variation in range of values 
the latter is a better specification. 
In discussing Tempiin's paper, Moore (9) stated that 
yield strength marks the beginning of inelastic action by a 
rather crude method, while proportional limit does the same 
thing using a fairly delicate method. McVetty (10) stated 
that "Proportional limit, if rigorously applied, refers to a 
stress which cannot be measured by any means now known and 
which marks the so-called limit of a proportionality which 
does not exist." However, he continued, if allowance is made 
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for uncontrollable variables and suitable precautions are 
exercised, the apparent proportional limit is extremely 
valuable, particularly at elevated temperatures and in re­
search investigations. Withey (11) felt that the most 
important information given by the proportional limit or the 
yield point is the intensity of stress which the material can 
resist without significant plastic deformation. Tuckerman 
(12, p. 538) felt a "twinge of conscience" each time he 
reported a proportional limit because, strictly speaking, "it 
is not a characteristic of the material but a hazy composite 
of material properties, testing technique, method of plotting, 
and personal equation." To arrive at a more reliable value 
he plotted the experimental stress-strain data and drew in the 
best straight line which he then used to calculate strain. He 
next plotted stress against actual strain minus calculated 
strain to assist in determining the proportional limit. 
Several illustrations are given in his discussion. 
Brophy (13) attempted to correlate some of the mechanical 
properties of materials with the ability of the material to 
damp out free vibration. He used the designation damping 
capacity for this property and defined it as the decrease in 
amplitude per cycle divided by the original amplitude at 
various stress levels of a free vibration. For his work he 
used a Fôppl-Pertz torsional vibration machine. It is shown 
in his paper that damping capacity varies with stress, but 
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that for iron and steel there is a measurable value at very 
low stresses. Consequently, since the vibration damping is 
due to plastic deformation, there is considerable plastic 
action even at the lowest stresses which leads to the conclu­
sion that no true elastic limit exists. The smaller the 
damping capacity is the nearer is a material to being per­
fectly elastic. Cold work influences the magnitude of the 
damping capacity, and increasing the temperature below the 
strain hardening temperature limit increases the damping 
capacity. Brophy claimed a general correlation exists between 
damping and creep, but he has not confirmed a general decrease 
of damping with annealing. From a later paper (14) dealing 
with the influence of grain size on damping capacity, and the 
use of damping capacity as a measure of the damage to steel 
resulting from fatigue due to overstress and notches, one 
draws the following conclusions: (a) increasing the grain size 
of a metal increases its damping capacity; (b) in any cycle of 
stress during free vibration both elastic and plastic deforma­
tion are present, but the decrease in amplitude represents 
plastic action only; (c) high damping capacity is associated 
with high resistance to notch fatigue; and (d) high damping is 
associated with low resistance to alternating overstress. 
Foppl (15) stated that all ferrous metals used in con­
struction can withstand a certain amount of plastic, as well 
as elastic, distortion for an indefinite number of stress 
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cycles without risk of ultimate failure. The damping 
capacity, (// , may be defined as the ratio between the area of 
the hysteresis loop and the strain energy stored in the 
specimen when it is in the extreme position under cyclic 
stressing. He indicated that it may also be represented by 
the ratio, X , between the plastic strain and the total 
strain, which at low plastic strains is approximately the 
ratio between plastic and elastic strain. He stated X is 
approximately 0.2^ . The accompanying stress-strain diagram, 
Fig. 1, illustrates this. Straight line A represents theo­
retical elastic cycling. B represents actual cycling. Area 
of loop B represents hysteresis. Diagonally crosshatched 
triangular areas represent maximum strain energy absorbed per 
cycle. 
Even with large plastic strains, e.g. = 0.1€ e^ , 
many steels go through millions of cycles without deterioration. 
Tests designed to show a definite and limited capacity to 
dissipate energy by internal friction have yielded negative 
results. At least for steel, if the stress is not excessive, 
the capacity for dissipating energy in the form of heat is 
unlimited. Foppl tested one specimen at 700 cpm with <// = 0.5 
for each cycle, thereby dissipating enough energy as heat to 
maintain the specimen at 100 C above room temperature for 
three years without any signs of damage appearing. 
Damping capacity is a property of the material which is 
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Fig. 1. Hysteresis loop—from Foppl (15) 
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dependent on maximum strain amplitude, specimen temperature 
and the number of cycles completed. Damping is no indication 
of impending fatigue failure, according to Foppl, nor does it 
change in the sense of becoming exhausted in the course of 
time. At any point in a specimen for an elementary cube there 
exists a certain stress, a certain strain, and a certain damp­
ing capacity. The point of failure of a specimen in static 
tension depends on a weak spot in the material--ultimate 
stress is not a mean value but a least favorable value— 
whereas damping capacity is a mean value and does not depend 
on a weak spot; i.e. every element of the specimen contributes 
a definite amount to the total damping. 
If the fatigue limit is not exceeded at any point by 
cyclic stress there are only two independent quantities— 
<T, stress and 6, strain—to be found for any particle or 
element. These experimental measurements may be represented 
by either of the curves 
CT = f (<£= ) or = f ' ( 6 ) = E . 
For small 6, E = EQ which is Young's modulus. If € is not 
small, E = EQ - AE. AE is due to the plastic strain in the 
material. Foppl stated that 
v - è 4 £ .  
and if <ÛE «< E, then C » 0.2. He agreed with others that 
the damping is due to the plastic strain, and if the latter is 
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increased the former will also increase. He cautioned that 
the ends of the specimen must be tightly gripped to prevent 
damping occurring at the grips rather than in the specimen. 
Nadai (16) stated that although the stress at which 
plastic yield occurs in polycrystalline metals depends on the 
plastic strain and the time rate of change of plastic strain, 
for soft metals at low temperatures one can validly assume the 
plastic yield depends only on the permanent strains. (He did 
not give a temperature range, and whether the temperature is 
high or low was apparently its value relative to the melting 
point.) The low range of temperatures is characterized by the 
metal strain-hardening, while the upper or elevated range is 
characterized by the metal creeping. He stated that plastic 
action does not seem to depend on the mean octahedral normal 
stress, and that strain-hardening depends on the "natural" or 
true shearing strain. Having plotted conventional tensile 
stress-strain and true stress-strain diagrams from experimental 
data, he then constructed predicted conventional stress-strain 
diagrams for various amounts of cold working (i.e. prestretch­
ing) . 
Spath (17) remarked that there are differences of opinion 
as to the existence of a damping limit and as to the use of 
damping techniques for testing procedures. Among other things 
damping depends on the tension in the specimen. There do not 
seem to be any apparent relationships between static and 
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dynamic tensile strength values; perhaps, in his opinion, 
damping tests will prove to be the connecting link between 
static and dynamic testing. When changes occur in the value 
of damping it is an indication that changes have occurred in 
the material which will produce changes in characteristic 
static strength values. He believed a close relationship 
exists between damping, proportional limit, yield point, etc., 
but that a "shakedown"--specimen subjected to many cycles of 
stress before testing--must be run in order to obtain repre­
sentative reproducible values of damping capacity. 
In an attempt to learn what occurs during the transition 
from the elastic to plastic state, Winlock and Leiter (18) 
noted that in deep drawing of light-gage steel surface depres­
sions occur under tension and surface elevations occur under 
compression. These deformations are due to highly localized 
plastic flow and are known as Lueders1 lines or "stretcher 
strains." Many metals, e.g. aluminum, do not show an abrupt 
change in their stress-strain diagrams when the metal changes 
from essentially elastic to non-elastic action; the deformation 
in the plastic range in such cases is described as uniform and 
not localized. 
On the other hand, low carbon steel without previous cold 
work acts elastically to the upper yield point, A, at which 
stress plastic action occurs at a localized point in the 
specimen, as illustrated in Fig. 2. The resistance of the 
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Fig. 2. Tensile stress-strain diagram—from Winlock and 
Leiter (18) 
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specimen to further deformation as registered on a universal 
type testing machine then drops to L, the lower yield point, 
as the metal adjacent to the first point becomes plastic. 
Winlock and Leiter (18, p. 562) stated that "The elongation 
required to produce complete plastic deformation varies with 
the speed of deformation, but under ordinary conditions is 
some 5 percent." It should be emphasized that when substantial 
plastic action begins, it is no longer necessary to have 
present the load which the metal resisted elastically 
(point A) to have plastic action continue. If the steel has 
undergone previous cold work of sufficient magnitude the 
abrupt change will not appear and the curve will be smooth 
such as OYLM. They claimed that mathematical equations de­
scribing the region A-L of the diagram cannot be established 
on the basis of homogeneous or heterogeneous flow since 
neither uniform nor non-uniform plastic flow occurs. 
If the steel were to act as most other metals, then 
plastic action might be expected to occur at the stress Y, the 
extrapolation of M-L back to the elastic range. For some un­
explained reason steel, however, in the annealed condition 
overshoots Y and continues to act elastically up to A. At 
this stress it yields locally, and since it can now exert only 
resistance Y it deforms rapidly along A-a. At the next 
instant the adjacent elements deform plastically at stress B 
along B-b an amount equal to B-b. This continues for more and 
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more metal as indicated by C-c until apparently all of the 
metal undergoes plastic action. The load on the specimen as 
registered by the testing machine drops for the following 
reasons: first, the resistance to further plastic action is 
only Y; second, there is stress concentration at the ends of 
the first and subsequent local constrictions; third, there is 
now present an increasing amount of cold-worked, i.e. plasti­
cally deformed, metal; and fourth, the speed of deformation 
of the increments as they become plastic is greater than the 
speed of the testing machine head. The registered load does 
not drop to Y but only to L, the lower yield point, because a 
balance is attained between the increase in resistance due to 
further plastic deformation, the increase in resistance due 
to the high speed of deformation, and the presence of metal in 
other parts of the gage length which must be stressed elasti­
cally to A before plastic action occurs. 
Uniform elongation, after plastic action sets in, does 
not begin at the end of the yield point range, according to 
Winlock and Leiter; instead, it begins when all parts of the 
specimen have undergone deformation equal to that attained by 
the first increment which deforms plastically. Since the on­
set of plastic action is highly localized, there exists during 
yielding regions of both elastically and plastically deformed 
metal. 
Work-strengthening is caused by plastic deformation. So 
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long as both plastic and elastic regions are present, the be­
havior of the metal under plastic action is obscured. The 
rate of work-strengthening is the rate of increase of only 
that stress required to cause further plastic action in metal 
which has already been plastically deformed. If the steel is 
sufficiently cold-worked before testing, the upper yield point 
disappears, and the stress-strain curve is like OYLM with sub­
stantial plastic action occurring at stresses below A. 
Contractor and Thompson (19) in reporting investigation 
of the damping capacity of steel stated that damping is 
present at stresses as low as 200 psi and that very likely it 
is present at zero stress. (This means that hysteresis occurs 
even at low so-called elastic stress.) They agreed with the 
previous findings that plastic deformation increases damping 
capacity and that the specimen must be held firmly in the 
grips or energy loss occurs there giving unduly high damping 
capacities. They found that, in general, damping capacity 
increases with load. 
Hatfield et al. (20a, p. 273) defined damping as "the 
operation of influences which by resisting the motion and ab­
sorbing energy from the system, restrict and tend to stop the 
vibration." Solid friction or damping is not of a viscous 
nature, i.e. it is not proportional to velocity, but is 
"nearly independent of speed" except at extreme speeds. Their 
view was that solid damping is due to "imperfections in the 
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elastic properties" of the materials. In a number of tests on 
various materials, including mild steel, they found that damp­
ing increases with load within the usual elastic range—no 
data beyond the proportional limit is reported--and that the 
reaction of damping to temperature changes varies with the 
metal. Mild steel increases in damping up to 100 C, then re­
cedes to 300 C, after which it again increases. Between 460 C 
and 500 C a relatively abrupt increase in damping occurs in 
mild steel, e.g. from 3.45 to 5.60 percent per cycle. Slight 
differences in heat treatment which produce significant 
changes in mechanical properties also cause significant 
changes in damping capacity. These three investigators found 
austenitic steels give relatively low values of damping, mild 
steels give intermediate values, and some stainless steels 
give very high values. They also stated that attempts to 
relate damping characteristics with proportional limit values 
have shown poor correlation. Their work was performed with a 
modification of the torsional damping recorder manufactured 
by the Cambridge Instrument Company. 
Low and Garofalo (20b) considered the proposed analytical 
expression, 6" = K< n^, relating true stress to true strain in 
the plastic region. In this expression is the load divided 
by the instantaneous area, K and n are material constants, and 
& is true unit strain. If (fQ is the nominal stress, and 6 
is the nominal strain, then û" = (fQ (1 + € ) ; however, in the 
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true strain, S - ln(l + ex ), £x is the plastic unit strain 
only which is obtained from €x - € - . They stated that 
the difference between e and 6' is usually not significant 
for e greater than 5 percent. Their tests on seven different 
steels and two aluminums indicated that the proposed expres­
sion is generally valid, the only exception in their tests 
having been austenitic steel. They believed a phase change in 
the austenitic steel occurred during the test and caused a 
deviation from the prediction. They also noted that the rela­
tion is not valid in the immediate region of discontinuous 
yielding for mild steel which shows a marked yield point, but 
that it is valid elsewhere. K and n are determined from a 
logarithmic plot of the experimental data. 
Zener 121), as well as Spath (17) and Becker and Foppl (7) 
stated that in periodic oscillation strain lags stress for 
actual metals by some angle which is a measure of internal 
friction or damping. This angle would be zero for truly 
elastic materials. Zener proposed equations relating functions 
for creep, stress, dynamic modulus, and internal friction. He 
maintained that plastic deformation of all crystalline 
materials occurs in isolated regions called slip bands rather 
than homogeneously throughout the metal. In addition he 
maintained that the slip bands act as isolated viscous 
regions, giving rise to anelastic behavior. This viscous 
nature of the slip bands, said Zener, renders the yield stress 
two or three orders of magnitudes less than theoretical 
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i.e. less than e^E where e„, the elastic strain at fracture, 
o o7 7 
is approximately 0.10. The formation of slip bands is a cata­
clysmic process and starts at a stress which, theoretically, 
is inversely proportional to the grain size. He claimed 
internal friction is a single valued function of stress ampli­
tude, and that in the vicinity of room temperature the 
internal friction due to plastic deformation is independent of 
frequency. According to Zener anelasticity is the property of 
solids by virtue of which stress and strain are not single 
valued functions of each other in the low stress range in 
which no permanent set occurs. He thought of internal 
friction as the capacity of solids to convert vibrational 
energy into internal energy. 
Thompson (2, p. 1) defined damping capacity as "that 
property of a solid in virtue of which it can, of itself, 
dissipate internal vibrations, and hence prevent their attain­
ing dangerous dimensions." He stated there was unanimity of 
opinion that damping capacity of metals is an extremely 
sensitive property which is greatly affected by very small 
changes in the treatment of metal. To almost all other state­
ments flatly contradictory opinions can be found. He claimed 
that enough data exist in the literature "to make it reasonably 
certain that none of the normal mechanical tests provide any 
criterion from which the damping properties can be predicted." 
He suggested the existence of a relationship between damping 
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capacity and fatigue limit which is analogous to that between 
static ductility and tensile strength. The sensitivity of 
damping to small changes in treatment shows that this property 
is something which exerts a much smaller and sometimes negli­
gible effect on ordinary static tests. 
Hanstock (22) compared thermal vibration due to fluctu­
ating temperature and mechanical vibration due to fluctuating 
loads or free vibration resulting from a change in load. He 
gave the scheme shown in Fig. 3 for the dissipation of 
mechanical vibrational energy. 
He observed that damping effect is characteristic of the 
metal and its metallurgical state and arises from some process 
or processes occurring in the metal. Also, the stresses due 
to oscillation are proportional to the amplitude of oscilla­
tion, and, for small stresses, the damping is relatively 
insensitive to amplitude. In discussing several methods of 
measuring damping, he pointed out the advantages and disad­
vantages of using a fine wire as an oscillating torsional 
pendulum. The advantages are (a) the method has simplicity, 
(b) the pendulum can be operated readily in an evacuated 
chamber, (c) the temperature can be easily controlled; the 
disadvantages are (a) the wire is thin and may not represent 
metallurgically the material in general, (b) it is difficult 
to grip ends firmly enough to prevent energy losses at the 
ends, (c) only low torsional stresses are imposed. 
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Fig. 3. A diagram for the dissipation of mechanical vibrational energy--from 
Hanstock (22) 
27 
At the same order of stress as the static proportional 
limit there is a marked increase of damping with increase of 
stress. This increase in damping is due mainly to plastic 
action, and since the metal properties may change under such 
action there is an interrelation between stress, duration of 
vibration, and damping. At stresses below the proportional 
limit, the damping is nearly constant and depends but little 
on plastic action; hence, it is concluded that metal is not 
altered much below the proportional limit. Hanstock observed 
that damping increases with temperature for non-magnetic 
metals, and past the magnetic transformation temperature the 
phenomenon is in evidence for magnetic metals too. He has 
shown an exponential relation between stress and damping for 
aluminum alloys under short time vibrations. This relation is 
governed by the proportional limit, the tensile strength, 
stress concentration due to submicroscopic lattice faults, and 
a factor expressing the strain in the lattice necessary to 
cause one atom to slip past another. Long time vibrations 
first raise and then lower the proportional limit much as 
annealing lowers the proportional limit. 
It is common knowledge that the presences of imperfections 
in metals weaken them tremendously. An excellent qualitative 
discussion of one type of imperfection, a dislocation—proposed 
independently by G. I. Taylor and E. Orowan in 1934—, was 
given by Cuff and Schetky (23). They discussed an edge 
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dislocation and a screw dislocation. A crystal is composed of 
an orderly array of many atoms. If the atoms are in register 
except at a region in the crystal where there is one more row 
of atoms on one side of the region than on the other, this 
region is known as an edge dislocation. 
AB in Fig. 4 is the line of the edge dislocation, which 
is a region of small finite cross section running through the 
crystal. The lattice is compressed on the side of the extra 
row of atoms and extended on the other side. This region is 
then of higher energy than the rest of the crystal an.\ since 
energy tends toward a minimum for equilibrium, the region acts 
like a stretched elastic band. This means the dislocation line 
resists being bent or curved. The line of an edge dislocation 
is perpendicular to the slip direction. The force required to 
move a dislocation through the crystal is less than the force 
required to make an entire plane of atoms slip. Dislocations 
of like sign repel and of unlike sign attract each other. 
When a dislocation line is blocked by some other type of im­
perfection or grain boundary, other dislocations pile up 
behind it like "automobiles at a red light"; the motion cannot 
resume until the anchored dislocation can be torn free, thus 
producing strain hardening and strengthening. If dislocations 
interact, thereby removing the dislocation, the path of easy 
slip is removed and thus the material is strengthened. 
If slip occurs parallel to the dislocation line, as 
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Fig. 4. Edge dislocation—from Cuff and Schetky (23) 
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happens when only one end of a dislocation is anchored, a 
screw dislocation is produced. Under continued stressing the 
dislocation pivots about the anchored end and produces an 
atomic displacement perpendicular to the dislocation line for 
each revolution. Thus such a dislocation is never used up. 
Cuff and Schetky claimed that--at the time of their paper, 
1955--the actual behavior of the numerous interacting disloca­
tions in a real metal could not be predicted. 
Woolley (24) explained work-hardening on the basis of 
either exhaustion theory or the hardening theory. At grain 
boundaries or other places of lattice misfit there exists a 
distribution of high stress regions called partial disloca­
tions. When the minimum stress necessary to liberate these 
dislocations is applied, i.e. the activation stress, they 
become mobile and travel through the crystal until they en­
counter some barrier. After encountering the obstacle a 
dislocation contributes but little more, or no more, to 
plastic flow, and hence the distribution becomes exhausted. 
The extension under tension is the result of the aggregate 
dislocation motion. The number of dislocations is approximate­
ly proportional to the rate of change of strain with stress. 
The hardening theory assumes that each of the dislocations has 
approximately the same activation stress, the elastic limit. 
When this stress is exceeded plastic flow occurs, the activa­
tion stress is raised, and increased stress must be applied to 
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produce further plastic flow. Woolley said the rate of change 
of strain with stress has no physical meaning in the hardening 
theory. 
In either theory if the specimen is loaded past the 
activation stress, unloaded and reloaded, the reloading action 
is elastic until the previous maximum stress is reached when 
plastic action resumes. Dislocation motion is associated only 
with plastic action. Only relatively few of the dislocations 
are undirectional; i.e. if the stress is reversed most of the 
previously blocked dislocations contribute nothing more to the 
plastic action. 
In attempting to explain the plastic properties of a 
crystal, Cottrell (25) extended the simple theory of disloca­
tions to include the effects of solute atoms on the 
dislocations. He considered the energy of the solute atom as 
the strain energy created in the system by the expansion or 
contraction of the solvent atoms to accommodate the solute 
atom. If the medium is otherwise stress-free, this strain 
energy is entirely due to the elastic resistance of the 
material surrounding the solute atom; but if the strain occurs 
in a stress field, work will be done against the forces acting 
on the solute atom from this field. This work alters the 
total strain energy of the system by an amount termed the 
energy of interaction between the solute atom and the stress 
field. The solute atom, consequently, experiences a force 
32 
drawing it to the region where it can relieve the most stress. 
Since the interaction energy is large enough to modify the 
solute distribution near a dislocation, it modifies the dis­
location behavior. If the solute atoms are larger than the 
solvent atoms they will be drawn into the tensile part of the 
dislocation and form an atmosphere of solute atoms at the 
dislocation. 
External force exerted on a dislocation tends to move it 
along a slip plane through its atmosphere which then exerts a 
counter force on the dislocation. Therefore atmospheres tend 
to anchor dislocations. If the external force is insufficient 
to tear the dislocation away from its atmosphere but is suf­
ficient to produce motion, then the atmosphere will be dragged 
along with the dislocation; and if the motion reaches constant 
velocity, then creep occurs; if the external force reaches and 
exceeds the maximum resistance that the atmosphere can offer, 
then the dislocation will be torn free from its atmosphere, 
acceleration of the dislocation takes place and yielding 
occurs. In a later paper, co-authored with Bilby (26), the 
statement is made that the yield point of iron is caused by 
the carbon or nitrogen atmosphere around dislocations. 
Eshelby (27) observed that damping resulting from thermal 
fluctuation due to reversed stressing is insufficient to 
account for actual experimental damping. The dislocations in 
a metal subjected to vibration oscillate in the stress troughs 
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in the distribution of stresses throughout the crystals. This 
oscillation of dislocations produces an energy loss and there­
fore contributes to the damping. If the applied stress is 
insufficient to lift the dislocations out of the troughs and 
over the adjoining barriers, the deformation is not permanent 
and elastic waves are radiated through the metal, Eshelby 
said such dislocations are "elastically bound.11 In commenting 
on the observation that damping increases with static stress 
he presumed the static stress increased the number of disloca­
tions. 
In summarizing his ideas on the yield point in single 
crystals and also polycrystalline metals, Cottrell (28) 
identified the yield point phenomenon by four characteristics: 
(a) plastic flow starts at a critical stress (the upper yield 
point) and can then continue at either the same stress or a 
lower stress (the lower yield point); (b) a specimen that has 
yielded (overstrained) shows a smooth transition from the 
elastic to the plastic range, instead of a yield point, if it 
is immediately retested; (c) an overstrained specimen recovers 
the ability to exhibit a yield point if it is rested or 
annealed; and (d) the preceding effects are observed only if 
small quantities of certain impurity elements are present in 
the metal. 
Cottrell's dislocation theory of the yield point rests on 
four main ideas as follows: (a) the anchoring of dislocations 
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by solute atoms, (b) the large force needed to release an 
anchored dislocation, (c) the effect of thermal fluctuations 
in helping dislocations break away at low stress, and (d) the 
forced release of anchored dislocations by the pressure of 
other dislocations previously released. 
Lomar (29) stated that, in mild polycrystalline steel, 
local plastic deformation called Lueders1 strain begins at the 
upper yield point in small regions called Lueders' bands 
(discovered by Lueders in i860). Once the plastic deformation 
begins the stress drops to a lower yield point, the extension 
continues and the Lueders' bands spread, covering an increas­
ing area of the specimen. When the strain reaches the end of 
the yield range the bands cover the entire specimen and the 
extension corresponds to a mean strain equal to the Lueders' 
strain. When the strain exceeds the yield range the material 
work-hardens, the stress rises, and the deformation becomes 
homogeneous throughout the specimen. He termed the permanent 
strain corresponding to the end of the yield range the 
Lueders' strain and stated "There appears to be no way of in­
vestigating the mechanical properties of steel at plastic 
strains less than the Lueders' strain." This implies that the 
horizontal yield portion of the stress-strain curve cannot be 
used to confirm experimentally the theory of an ideal plastic 
material. 
Having acknowledged that grain boundaries and impurity 
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atoms act as barriers to dislocation motion he listed the fol­
lowing factors as governing the lower yield stress and Lueders1 
strain: (a) grain size, (b) composition, (c) temperature of 
specimen during test, (d) heating and strain history, (e) size 
and shape of specimen, and (f) strain rate. The magnitude of 
the yield stress increases with decreasing grain size. Single 
or double (complex) Lueders1 bands may form under strain; the 
complex bands are associated with higher mean yield stress and 
a more irregular stress-strain curve—the stress drops with the 
formation of each new tongue of deformation. Broadly speaking, 
heavy stiff specimens yield in complex patterns, while lighter 
flexible specimens yield in single bands. Up to room tempera­
ture the yield stress varies with the square root of the 
temperature, while above room temperature aging effects change 
the behavior of the material. As most other investigators had 
he, too, found that yield stress rises rapidly with the speed 
of straining. 
Lomar found the Lueders1 bands bounded by planes which are 
near planes of maximum shearing stress. In ten tests the 
normal to the bounding plane made an angle of 48-1.5° with 
the tensile direction, which he concluded is a true deviation 
from the maximum shearing plane at 45° with the tensile 
direction. At the band front there is a sharp, well defined 
shear, but in addition there is some other considerable 
component of extension. He found the shear at the band 
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boundaries in a steel of 40 grains per millimeter accounting 
for 50 percent of the total extension. The shear "kinks" the 
bar which induces bending moments to straighten the kink, and 
the bending influences the band pattern. 
Barber (3) determined the specific damping capacity for 
several alloy steels, carbon steels, cast iron, copper, brass, 
and aluminum by a free torsional oscillation method using a 
Cambridge Torsional Damping Recorder. He used specific 
damping capacity as the difference between the maximum 
potential strain energy at the beginning and end of a cycle 
divided by the maximum potential energy during the cycle. By 
restricting his investigation to stresses within the propor­
tional limit, so that the maximum stresses are proportional to 
amplitude, he was able to show that the difference in the 
squares of successive amplitudes divided by the square of the 
original amplitude gives the specific damping capacity. In 
general he found much lower damping capacities for alloy 
steels than for carbon steel, and greater damping capacity for 
cast iron than steel. 
Weertman (30) shared the opinion of Nowick (31) that 
internal friction in single crystals is due to motion of dis­
locations. They believed the phenomenon of internal friction 
in cold-worked metals can be divided into three regions or 
effects. The first effect, characteristic of annealed and 
slightly cold-worked metals, is due to a hysteresis phenomenon 
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in which dislocations are moved from one low energy position 
to another, and this effect can be removed by moderate cold 
working. It also decreases as impurities increase. Nowick 
said this effect is amplitude dependent while Weertman proposed 
a dislocation hysteresis model which makes the effect amplitude 
independent. The second effect, characteristic of moderately 
cold-worked metal, assumes that dislocations which are loosely 
bound in the interior of subgrains as a result of cold working 
move to tighter binding positions at the subgrain boundaries 
where they cannot contribute much to energy loss. The high 
internal friction of this effect is unstable and decays 
rapidly when annealed at low temperatures. The third effect, 
characteristic of severely cold-worked metal, is due to motion 
of dislocations in the subgrain boundaries. The motion in­
creases with temperature which means the internal friction of 
this effect is temperature and probably frequency dependent. 
As a consequence of the approximations which Weertman made, 
the results are valid only if the impurity distribution is 
random and the dislocations are not pinned down. Of course 
any interaction between dislocations reduces the number of 
dislocations with a resulting decrease in internal friction. 
Granato and Lucke (32) assumed there exists in a pure 
single crystal, before any deformation due to external con­
ditions, a network of dislocations. The lengths of the 
dislocations are determined by the network intersections and 
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are called network loop lengths. For sufficiently large con­
centrations of impurity atoms these loop lengths are converted 
into shorter lengths by being pinned down by Cottrell atmos­
pheres, and these shorter lengths are called impurity loop 
lengths. When the specimen is subjected to sufficient 
external stress both elastic strain and dislocation strain 
occur. At low frequencies, i.e. up to the kilocycle range, 
the stress-dislocation strain relation is not frequency 
dependent while at higher frequencies it is frequency de­
pendent. The dislocation action may be explained with the 
sketch of Fig. 5 as follows. At A there is no stress applied. 
As stress is applied the dislocation between impurity atoms 
bow out as at B and dislocation strain appears. As the stress 
is increased the loops bow out more as at C and when the 
stress becomes large enough the dislocation is torn free of 
the impurity pinning as at D. It is assumed that the ends of 
the dislocation at the network intersection are so tightly 
anchored that they do not break free at this stress. In the 
range up to C the effective modulus of the stress-dislocation 
strain curve is governed by Lej once the break away occurs, 
the modulus is governed by Ln. As the stress increases 
closed dislocation loops form and break away. The dislocation 
strain past C is plastic but the collapse of the loops on re­
ducing the stress is elastic. Since there are two moduli 
involved for straining but only one—dependent on Ln--for 
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Fig. 5. Progressive dislocation action—from Granato and 
Liicke (32) 
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collapse of strain, there is a mechanical hysteresis effect. 
Forscher (33) observed that even though the total stress 
in a specimen in equilibrium equals the external load, the 
actual unit stress varies from grain to grain. Slip is a 
localized action that occurs grainwise with the total stress 
redistributed to the remaining unslipped grains; the amount of 
stress redistributed to the neighboring grains depends on the 
work-hardening capacity of the slipped grains. If the work-
hardening capacity is low the stress distribution becomes more 
heterogeneous finally resulting in catastrophic yielding along 
surfaces of maximum shear stress. The yielding proceeds by the 
formation of relaxation centers which are submicroscopically 
small lens shaped regions of high lattice disorder which, 
according to Forscher, are quasiviscous, i.e. time and temper­
ature dependent. Forscher proposed for the density or size of 
the relaxation centers the expression 
t is time, (f and a are material constants, and T is the re­
laxation time from the Arrhenius-type expression 
He stated yielding does not depend on a critical stress, but 
rather on a limiting internal structural condition. This 
t - t £ea(<*y " <£) 
ny T 
where 
T = T0(e)HT -
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condition, which determines the instant of yielding, is de­
veloped through stress application. 
Since each relaxation center introduces a small finite 
anelastic deformation, n^ implies a limiting amount of 
anelastic strain. Also since polycrystalline steel consists 
of ordered crystals separated by disordered quasiviscous 
regions, Forscher thought of it as a two component system. 
Chemical composition, temperature, heat-treatment, aging, 
precipitation, recrystallization, elastic and plastic defor­
mation, and the state of stress affect in a complicated way 
the shape, location, proportions, and relative strength of 
the quasiviscous regions. He assumed no relaxation centers 
exist in unstressed metal, and that their rate of formation 
is about proportional to the number present as a consequence 
of the decrease of available area resisting shear forces. 
We ssel (34) stated that before yielding or brittle 
fracture, dislocations move through the lattice, stop, and 
pile up at barriers which causes appreciable pre-yield plastic 
strain. This pre-yield plastic strain is maximum at the 
transition temperature (approximately -196 C for mild steel). 
Above the transition temperature abrupt yielding occurs when 
the stress concentrations produced by piled-up dislocations 
become large enough to overcome resistance to deformation. 
Sources in adjoining material are activated at this stress 
level which triggers a general catastrophic yielding. 
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Resistance to plastic deformation below the transition temper­
ature is so great the dislocation pile-up continues until 
stress concentrations reach the level that produces micro-
cracks, and set off a sharp catastrophic yielding which ends 
in brittle failure. 
Murphy (35) pointed out that microscopic examination of 
stressed metal reveals definite planes along which slipping or 
gliding has occurred. This slipping appears to occur along 
planes of weakness within each crystal, rather than between 
crystals. The smaller the crystals of a given metal are and 
the more random their orientation is, the stronger will the 
metal be. The strength obtained from actual metals is, to a 
first order of approximation, only about 16 percent of their 
theoretical strength. This loss in strength is due to imper­
fections which are termed dislocations. He also observed that 
the maximum stress in elastic action to which a metal may be 
subjected can be increased by cold working which causes inter­
action and dissipation of the dislocations. 
There are many points in the field of stress-strain 
relationships of metals upon which different investigators are 
not in full agreement. However, it appears there is general 
agreement on the following statements. 
1. On a macroscopic scale Hooke's law is valid for most 
engineering materials over a limited range. 
2. Stress is not linearly proportional to strain on a 
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microscale for engineering materials. 
3. On a macroscopic scale there is some minimum stress 
at which gross slipping on planes of weakness, rotation of 
crystals, and possibly twinning occur. This stress is termed 
the elastic strength of the material, and is frequently 
measured by either the proportional limit or the yield strength 
corresponding to some specified offset. 
4. The slipping, rotating, and twinning is frequently 
incited at low stress levels by imperfections such as dis­
locations. While a single dislocation is microscopic the 
total effect in polycrystalline metals is macroscopic. 
5. One of the most sensitive measures of the plastic 
action that has occurred in a material is the change in the 
damping capacity of that material. 
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ANALYSIS 
The problem to be solved in this investigation is the 
prediction of the engineering stress-strain relationship for 
low-carbon steel in axial tension from the experimentally 
determined relationship between torsional stress and damping. 
Much of the work associated with this area of study has been 
done on a microscopic scale with single metallic crystals. 
This investigation deals with polycrystalline steel on a 
macroscopic scale. 
As the tensile load on a low-carbon steel wire is in­
creased from zero the metal obeys Hooke's law, and the 
elongation is proportional to the load up to the proportional 
limit. This is true on a macroscopic scale, even though 
individual crystals with unfavorable slip plane orientation 
may undergo inelastic action before the average or overall 
stress in the wire reaches the proportional limit. Not only 
is Hooke's law obeyed by the wire in the proportional range, 
but the overall action is also essentially elastic which means 
that relatively little plastic action occurs below the nominal 
proportional limit in tension. However, as the load is in­
creased beyond the proportional limit the overall action of 
the wire departs more and more from Hooke's law which implies 
that an increasing amount of plastic action has occurred. At 
any stress level below rupture part of the total strain is 
elastic and part of it is plastic; i.e. some of the crystals 
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have been permanently deformed while the others are still 
acting elastically. If the percentages of any transverse area 
of the wire that are in elastic and plastic action, and if the 
measure of work-hardening due to plastic action were known, 
then the nominal or engineering stress-strain relationships 
could be determined. Therefore, this analysis proceeds in an 
attempt to determine these facts. 
One may imagine that the wire is made up of many little 
bundles of crystals with the bundles axially aligned. It may 
be postulated that all of the crystals in any given bundle 
have the same orientation of their slip planes, but that the 
orientation of slip planes differs from bundle to bundle in a 
random manner. Plastic action occurs in any given bundle when 
the shear stress on the slip planes in that bundle reaches and 
exceeds the elastic limit in shear. Since the shear stress on 
the slip planes of a bundle is a function of the axial stress 
in the bundle and the angle between the slip planes and the 
axial direction, plastic action occurs in the bundle when the 
axial stress reaches and exceeds the elastic limit of the 
bundle in axial tension. The effect of slip in one bundle, or 
even several bundles, on the overall action of the wire is so 
small that it is not detected in the usual tensile test of 
steel—this statement can be verified by observing any stress-
strain curve in the proportional range for steel. However, 
when an appreciable number of bundles undergo plastic action, 
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the overall action of the wire, as represented by a tensile 
stress-strain curve, departs from Hooke's law, and the usual 
elastic strength in tension is exceeded. Therefore, the over­
all or average elastic strength of the entire wire may be used 
to predict the onset of significant plastic action in the 
wire. It is quite customary to use the proportional limit as 
a measure of elastic strength. Since the orientation of slip 
planes from bundle to bundle is random in commercial steels, 
the likelihood of exceeding the elastic or proportional limit 
in a bundle at one position in any transverse cross-section of 
the wire is no less nor no greater than that at any other 
position in the cross section when the wire is under axial 
load. 
If any transverse area of the wire is considered sub­
divided into many small segments, then each small segment of 
area may be postulated to be an end of one of the small 
axially aligned bundles. There will then be a one to one 
correspondence between the small segments of area and the 
small bundles of crystals. As load is applied axially to the 
wire, each bundle undergoes deformation and exerts resistance 
to the deformation. This resistance, which is the induced 
unit stress, varies from bundle to bundle in response to the 
deformation which varies from bundle to bundle. This variation 
in deformation and stress is the result of the variation in 
slip plane orientation and imperfections such as dislocations; 
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i.e. for a given unit axial elongation the shear stress on 
some slip planes is greater than that on other more favorably 
oriented slip planes. Stated in other words, more axial force 
is required to produce a given unit elongation in bundles with 
favorably oriented slip planes than is required to produce the 
same deformation in bundles with less favorably oriented slip 
planes. Therefore, the total axial force, F^, acting on the 
wire is the sum of that part, Fg, acting on the elastic bundles 
and that part, F^, acting on the plastic bundles which may be 
written as the equation 
Ft = Fe + Fp • U) 
The total transverse area of the wire at any cross 
section is designated A^., The elastic bundles have end areas 
lying in which sum to a total elastic area of Ag. Similarly 
for the plastic bundles, the sum of end areas lying in Aj. sum 
to Ap. Stated as an equation, 
^ = Ae + Ap . (2) 
The axial stress on the end of any elastic bundle is simply the 
axial force on that bundle divided by the end area in A^. A 
similar statement is true for the bundles in plastic action. 
However, it is impracticable to find the force on each small 
bundle. Therefore, if the total elastic area in A^ and the sum 
of all the axial forces acting on the elastic bundles with ends 
lying in A^ are considered, the relation between them may be 
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written 
Fe = SeAe (3) 
where Sg is a composite or average of all the elastic axial 
stresses acting on A^.. A similar equation relates the com­
posite plastic axial stress, S , with its plastic area, A , and 
axial plastic force, Fp. Denoting the quotient of the total 
axial force, F^., and the total transverse, A*., as the nominal 
or average engineering axial stress, Sfi, Eq. 1 may be written 
SA = SeAe + SpAp (4) 
whence Sn = Sg(^) + Sp(^) . (5) 
It follows from Eq. 2 that (22) and are the fractions of 
the total transverse area that are under elastic and plastic 
action, respectively. 
It is not unreasonable to assume that the bundles under 
elastic action obey Hooke's law at any Sg, i.e. Young's 
modulus, E, is a constant for the portion of the wire under 
elastic action even if Sg exceeds Sfi at the usual proportional 
limit. It is postulated that plane transverse areas of the 
wire remain plane as the axial load increases, so that the 
unit axial strain, £, is the same for all bundles, both 
elastic and plastic, that are intercepted by A^. Therefore 
may be replaced with its equivalent E €. To get an equivalent 
expression for one might assume an ideal "elastic-plastic" 
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material, i.e. the material obeys Hooke's law up to the elastic 
limit after which strain increases at constant stress. This 
gives a horizontal line in the tensile stress-strain curve at a 
stress magnitude equal to the elastic limit and implies zero 
work-hardening. Preliminary investigation indicated finite 
work-hardening did occur in the wire at stresses beyond the 
usual proportional limit and thus ruled out the assumption. 
It is therefore assumed that the material obeys Hooke's law up 
to the elastic limit at which stress the slope of the stress-
strain curve changes from Young's modulus, E, to some smaller 
slope. In this latter assumption, illustrated in Fig. 6, the 
smaller constant slope implies constant work-hardening, and 
the slope, B, is the coefficient of work-hardening. 
The curve in Fig. 6 is for a single bundle of crystals. 
The stress-strain curve for the entire wire is a composite of 
the contributions from each bundle. Fig. 7 illustrates the 
action of several bundles superimposed on each other. As 
stated above, does not reflect the plastic action of the 
first few bundles. For a single bundle, it is assumed that 
plastic action begins at Sy, the proportional limit in shear. 
However, as previously stated, since the axial and shear 
stresses are proportional to each other, Sy may also represent 
the proportional limit in axial stress. It is to be expected 
that the proportional limit in shear is the same for all the 
bundles, but the axial proportional limit varies from bundle 
5o 
e 
Unit Strain 
Fig. 6. Stress-strain diagram for a single bundle 
Unit Strain 
Fig. 7. Stress-strain diagram for a group of bundles 
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to bundle as the slip plane orientation varies. Thus S1 -5 in 
Fig. 7 represent the axial proportional limits of five 
different bundles while Sy is the composite axial proportional 
limit of all five bundles. 
Referring to Fig. 6, one may write 
S = S + AS (6) 
and AS = B( € - € ) (7) 
where £y is the unit strain corresponding to Sy. Therefore 
for a single bundle in plastic action 
Sp = Sy + B( « - €y) (8) 
and Hp = ^  = SyAp + B( £ - . (9) 
Since it is impracticable to measure the axial forces 
acting on and the transverse area of each bundle, it is 
assumed that the overall action of the wire may be generalized 
from the action of a single bundle by using for Sy and £y the 
composite axial proportional limit and elasticity illustrated 
in Fig. 7. These are the usual proportional limit and elastic­
ity determined in a tensile test. Eq. 5 may then be written as 
Sn = + Sy(?b) + B( - £y) (^ ) . (10) 
In order to obtain numerical values for nominal unit 
stress and strain from Eq. 10, the properties E, Sy, and B, as 
well as the variable fractions of area, must be determined. E 
may be determined from a tensile test of the wire in a 
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universal testing machine. Sy may be determined from the same 
test, although a more accurate value was found in the course of 
determining the area fractions. B can be found after finding 
the other constants by using experimental values of Sn, 6. , 
£y, (^ ), and (^ £) in Eq. 10. 
The literature survey indicates that one of the most 
sensitive means of detecting plastic action is by measuring 
the change in the damping capacity of a material. One of the 
simplest methods of finding the damping capacity of a material 
is to use the material as a simple torsional pendulum and to 
measure the decrease of its amplitude in free vibration. As 
the axial load is increased the plastic action increases and 
the damping should therefore increase also. This method was 
selected to determine the damping capacity at a given axial 
stress level and the change in damping capacity as the axial 
stress level changes. The stress-damping relationships found 
in the literature were for torsional stresses in the propor­
tional range in which the stress was constantly changing during 
any cycle of vibration. In this investigation, the torsional 
stress is so small relative to the axial stress that it is 
neglected when considering plastic action resulting from axial 
load. The torsional damping is therefore used only as a tool 
to measure the plastic action resulting from axial stress, 
which is constant throughout any given cycle of vibration. 
53 
Specific damping capacity is defined as the ratio between 
the energy transformed, i.e. the hysteresis, during an oscil­
lation and the total energy stored in the material by torsion 
at the beginning of the oscillation. For any differential 
shell of radius r, thickness dr, and height dy, the energy 
stored by torsion is ^  T if (2 7Tr)drdy where T is the torsional 
unit stress and if is the torsional unit strain at radius r in 
the wire. If the total angle of twist in the wire pendulum is 
small, the torsional stresses will be in the proportional range 
and T = 2f= % 2f where c is the radius of the wire and 
c m 7  c m  
the subscript m indicates maximum values which exist at r = c. 
Therefore, if the energy stored is U, one may write 
d(U) = ^  T<f(27Tr)drdy = 77 Tm ^ m~£rr3drdy • (11) 
For any length of wire whose volume is V Eq. 11 integrates to 
u
"'iT . r»v-  ( 1 2 )  
If the hysteresis loop is assumed to be parabolic as shown in 
Fig. 8, the hysteresis, which is the area enclosed in the loop, 
at any point in the wire is 3 Th, where h is a parameter 
measuring the distance from the vertex of one loop of the para­
bolic boundary to the vertex of the other. The difference 
between h measured normal to the parabolic boundaries or hori­
zontally as shown is negligible. Assuming h is a function of 
eter at the outer surface of the wire one may write for any 
r so that h = %h_ where hi is the maximum value of the param-
c m m 
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Unit Torsional Strain, V 
Fig. 8. Assumed parabolic hysteresis loop 
A 
C 
Fig. 9. Effect of damping on torsional vibration 
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differential shell 
d(H) = ^Th(277r)drdy = ^  Tmhm(J) 2(27Tr)drdy (13) 
where H is hysteresis. For any length of wire whose volume is 
V, Eq. 13 integrates to 
H 
" 3TmhmV ' (14> 
Therefore the specific damping capacity, D, for the wire is 
u
" 
For any differential bundle of crystals at any radius r from 
the axis of the wire 
0 = |Vn(e d^V = 4 ik . (16) 
5Tm^m<f)2dV 3 ^  
Therefore the specific damping capacity of the material is 
independent of the position in the wire at which the determina­
tion might be made so long as the torsional stresses are within 
the proportional range. 
In this investigation the initial double amplitude and the 
final double amplitude after ten oscillations were measured. 
It therefore is necessary to get a measure of the damping in 
terms of the ten oscillations. Figure 9 represents ten cycles 
of the decaying free torsional vibration of the wire pendulum, 
x is approximately equal to 240, where Q is the angular 
amplitude of twist of the pendulum. At the positions of 
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maximum S , such as A, C, or E, the torsional energy is all 
potential strain energy while at positions of zero & , e.g. B, 
D, or F, the energy has changed to kinetic energy. If U is 
the strain energy at positions of maximum 0 and T is the 
kinetic energy at zero 9 , the following equations may be 
written where the subscripts refer to Fig. 9. 
UA=ïrmrn,V- (17) 
Tg = UA - hysteresis loss = UA - t;DUa = U^ ll - ijD) . (18) 
UC = TB - 2°TB = V1 " lD) = V1 - lD>2 • tl9) 
TD = UC " lDUC = UA(1 " 2°) 3 • l2°) 
At the end of ten oscillations 
1  4 0  
UA, = UA(1 - |D) , (21) 
and Uc, = UA(1 - |d)" . (22) 
The energy equations in terms of amplitude may be written 
as follows. 
2 
and 
ua = =KX1 (23) 
Uc = ~(^ )2 = Kx* = Kxfu - -|d)2 . (24) 
Whence x2 = x1 (1 - ^ )) , (25) 
and UE = Kx* = Kx,(l - |d)4 . (26) 
Whence X3 = x1(1 - %D) . (27) 
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2  2  1 4 - 0  
Similarly, UA, = Kx2t = Kxt (1 - |D) , (28) 
1 20 
X21 = Xi(l - |D) . (29) 
1 21 
Similarly, Xg2 = x,ll - ^D) . (30) 
The initial double amplitude, as shown in Fig. 9, is 
a = x, + X2 = x, + x,(l - -|D) = x, (1 +g) (3D 
where g is (1 - ^ )). Similarly, the final double amplitude is 
20 21 20 
b = x21 + x22 = x,g + x,g = x^g (1 + g) , (32) 
20 
I = • <33) 
For ten cycles the specific damping capacity, D', is 
2  2  2  2  4 0  
D '  = K* '  '  = x '  '  = 1 .  g*° = 1  -  (fe)2  
2 2 3 
Kx1 X1 
2 2 
D' = a " b . (34) 
2 
a 
The maximum damping capacity of the steel wire is attained 
when the maximum plastic action occurs which is just before 
fracture of the wire. If it is assumed that the plastic action 
prior to reaching the proportional limit is negligible, a plot 
of axial stress versus damping capacity should and does show a 
distinct change at the proportional limit in axial stress. 
Fig. 10 is a plot of Sfi against D'. If the change in damping 
at stresses greater than the proportional limit are measured 
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from the extrapolated curve that holds below the proportional 
limit to the actual stress-damping curve, then the ratio of 
the change in damping at any axial stress to the maximum change 
in damping at fracture represents the increase in plastic 
action that has occurred. Assuming that all of A^ is plastic 
at fracture and that approximately none of A^ is plastic below 
the proportional limit, then the above ratio of changes in 
damping is equivalent to (A^/A^.), the fraction of the total 
transverse area that is plastic. The difference between unity 
and the plastic fraction is the elastic fraction (Ae/A^). 
One is now in a position to substitute experimental 
values in Eq. 10 and solve for B, the coefficient of work-
hardening. B having been found, Eq. 10 can be used to predict 
the axial stress corresponding to a given axial strain, or the 
axial strain corresponding to a given axial stress. 
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EXPERIMENTAL PROCEDURE 
The material tested was No. 18 SAE 1010 steel wire. This 
wire did not exhibit a yield point when tested in tension on a 
universal testing machine. The strain was measured with a two-
strand SR-4 gage. Figure 11 is a stress-strain curve plotted 
from data obtained in a tensile test of the wire using a univer­
sal testing machine and an A-9 SR-4 strain gage. The slope of 
this curve gives a modulus of elasticity of 28.3(10) psi. 
The purpose of this tensile test was only to determine the 
modulus of elasticity, so this specimen was not fractured. 
Other specimens tested gave an ultimate strength of 132,000 
psi. 
Following the recommendations of several investigators 
the wire was used as a simple torsional pendulum, usually 
approximately 20 in. in length, to determine its damping 
capacity. (See Fig. 12.) One end of the wire was wrapped 
around a fixed horizontal 2-in. diameter pipe and clamped on 
the pipe with a small steel bar and C clamps. The other end 
of the wire was inserted into a holding fixture equipped with 
hardened set screws. A weight table was rigidly attached to 
the holding fixture with a 3/8-in. steel rod. A small mirror 
on the holding fixture reflected a spot of light on a screen 
24 in. behind the wire. A lead weight was placed on the table 
and the pendulum was twisted until the spot of light was 
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Fig. 11. Tensile stress-strain diagram for the wire used 
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deflected approximately 6 in. from its equilibrium position. 
The assembly was then released and the maximum travel of the 
light spot on the opposite side of the equilibrium position 
was marked. At the tenth oscillation the deflection of the 
light spot to the left and right of the equilibrium position 
was again marked. 
The above procedure was performed on each specimen with 
the load varying from 8 lb to approximately 200 lb in incre­
ments of 8 to 11 lb. It is to be noted that the axial tension 
was constant for each test of ten oscillations. Special care 
was taken to see that the ends of the wire were firmly 
gripped, and remained firmly gripped throughout the test. 
In many of the tests the wire slipped in the grips during 
the course of the experiment, and since it was not possible to 
determine exactly when the slipping occurred, the entire 
results for such tests were discarded. It was also observed 
that when a nearby turbine was operating the specimen picked 
up or responded to the turbine vibration. Therefore all 
tests that were performed during the times at which the turbine 
was operating were discarded. The results of this investiga­
tion are based on the tests of five specimens; during these 
tests nothing appeared to occur which would invalidate the 
results. A typical set of data recorded on March 24, 1958 
follows. 
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Table 1. Typical load amplitude data 
Axial load * a b+ Stress § Damping capacity 
lb in in psi * 
9.73 12 3/8 11 7/8 5,500 7.92 
17.17 12 15/16 12 5/16 9,800 9.43 
25.94 12 j/4 11 15/16 14,660 12.34 
42.82 12 9/16 11 13/16 24,100 11.59 
51.42 12 1/16 11 3/16 28,800 13.98 
59.8'' 12 3/16 11 33,700 18.54 
69.82 12 3/16 11 4/16 39,400 14.79 
78.41 12 3/16 11 12/16 44,300 15.90 
102.03 12 7/16 11 3/16 57,600 19.01 
112.20 12 1/16 10 15/16 63,500 17.78 
123.30 12 7/16 11 1/8 69,700 19.99 
* 
a is the initial double amplitude. 
+ 
b is the double amplitude after 10 oscillations. 
®Wire diameter = 0.0475 in; gage length = 20 7/8 in. 
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CALCULATIONS AND RESULTS 
Nominal or engineering stresses are the average axial 
stresses obtained by dividing the axial loads by the original 
transverse area of the wire. The wire tested had a diameter 
of 0.0475 in. which corresponds to an area of 0.00177 sq in. 
For a load of 9.95 lb the stress is 
s
n = ^ = o?00177 = 5f,62° psl ' (35) 
In one of the tests with the load above the initial double 
amplitude, a, (see Fig. 9) was 11 1/2 in., and the final double 
amplitude, b, was 10 29/32 in. The damping capacity for this 
set of values is 
D* = "2^2) = 0.1006 . (36) 
It was found during the study of the experimental data 
that definite trends appear if the axial stresses are plotted 
against the ratios of axial stress to corresponding damping 
capacity. Using logarithmic coordinates the trend is a 
straight line with a positive slope for stresses below the 
proportional limit, while with semi-logarithmic coordinates 
and stresses above the proportional limit the trend is a 
straight line with a negative slope. The point of inter­
section of the curves representing the two trends is at a 
stress equal to the proportional limit as obtained from an 
experimental stress-strain curve. 
Two equations were selected therefore to represent the 
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two trends. For stresses below the proportional limit the 
equation is 
while for stresses above the proportional limit the equation is 
The observed data from five sets of tests are recorded in 
Table 2. These data reduced to stresses, damping capacities, 
and stress-damping capacity ratios are presented in Table 3> 
while these reduced data in logarithmic form are presented in 
Table 4. 
The first forty-two sets of data are treated by the 
method of averaging described by Lipka (.36) to obtain the 
constants in Eq. 37. In this method the data are divided into 
two equal or approximately equal groups, and a single equation 
deduced from each group. This single equation is obtained by 
adding the equations resulting from substitution of each set 
of experimental data in the basic equation. The two single 
equations obtained, one from each group, are then solved 
simultaneously to obtain the constants. The basic Eq. 37 is 
first written in logarithmic form to obtain a linear type, 
Y = C + MX, before Lipka1 s method is applied. 
c m 
Sn " K(tr?> (37) 
Sn = kUO) (38) 
g 
log Sfi = log K + m log (57) (39) 
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Table 2. Observed loads and double amplitudes 
Run A B C D E 
load a» b a b a b a b a b 
lb * t ¥ t * t * ¥ 
9.73 396 380 
9.95 378 36 0 368 350 
17.17 414 394 
17.39 390 368 396 372 
17.91 382 356 380 360 
25.35 392 368 391 369 
25.94 408 382 
34.12 378 354 388 364 382 360 382 358 
42.62 386 360 383 358 
42.82 402 378 
51-00 386 360 375 352 374 353 390 364 
51.42 386 358 
59.60 390 362 375 350 
59.85 390 352 
68.03 392 366 386 376 390 361 
69.82 390 360 
76.19 392 362 
78.41 410 376 
84.52 386 362 361 337 376 356 374 342 
92.56 386 356 358 334 
00.88 388 358 368 342 382 358 390 353 
^Dimensions expressed in 32nds of an inch 
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Table 2 (Continued) 
Run A B C D E 
load a b a b a b a b a b 
lb ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ 
102.03 398 358 
109.47 384 356 368 338 
112.20 386 350 
118.53 384 352 362 331 378 348 398 369 
123.30 398 356 
128.28 384 348 357 321 
136.62 384 348 352 315 382 342 406 360 
146.59 380 340 358 318 
156.76 380 338 374 324 380 326 386 344 
165.48 378 332 370 318 
177.40 374 320 352 296 
182.48 374 304 388 330 
188.50 372 310 
191.20 376 300 400 324 
For each group 
f f f 
y log Sn = log K + m ^  log (~) (40) 
Table 3. Axial stress, corresponding damping capacity, and stress-damping capacity 
ratio 
Run A B C D E 
Sn 
ksi 
D' 
% 
Sn 
D' 
psi 
D' 
% 
Sn 
D' 
psi 
D» 
% 
» 
psi 
D« 
% 
5» 
psi 
D' 
% 
» 
psi 
5-5 7.92 69,444 
5.6 9.26 60,691 10.06 55,865 
9.8 9.43 103,712 11.41 85,890 11.75 83,404 
10.1 8.94 113,087 10.25 98,634 
14.3 11.87 120,472 10.94 130,713 
14.7 12.34 118,801 
19.3 10.41 185,206 10.71 180,205 11.19 172,029 12.17 158,422 
24.1 11.59 208,001 13.02 185,100 12.63 190,815 
28.8 13.98 207,439 13.02 221,198 11.89 242,220 10.91 263,978 12.89 223,429 
33.7 18.54 182,308 13.84 243,353 12.89 261,443 
38.4 12.83 299,922 12.62 304,279 14.32 268,296 
39.4 14.79 266,396 
43.0 14.72 292,120 
44.3 15.90 278,616 
Table 3 (Continued) 
Run A B 
Sn 
D' Sn 
D» 
D» & D1 
ksi % psi % psi % 
47.8 12.05 396,680 12.85 
52.3 14.94 350,402 12.96 
57.0 14.87 381,977 13.63 
57.6 19.09 301,729 
61.9 14.05 440,569 15.64 
63.5 17.78 357,143 
67.0 15.97 419,223 16.39 
69.7 19.99 348,674 
72.5 17.87 405,708 19.15 
77.2 17.87 432,009 19.92 
82.7 19.94 414,744 21.10 
88.5 20.88 423,851 24.95 
93.5 22.86 409,011 26.13 
100.0 26.79 373,274 29.29 
psi 
D' & 
psi 
D' 
% psi 
371,984 10.35 461,386 16.38 291,819 
403,549 
418,195 12.17 468,365 18.07 315,440 
395,780 
408,786 15.24 439,632 14.04 477,208 
378,590 
387,048 19.85 388,413 21.30 362,441 
392,417 
354,709 26.40 335,227 20.58 430,029 
357,826 
341,414 
Table 3 (Continued) 
Run A B C D E 
S„ D' 5 D« S„ D» S„ D' S„ D« S„ 
n _n _n n __n _jn 
D» D» D" D» D' 
ksi % psi % psi % psi % psi % psi 
103.0 33.93 303,566 27.66 373,188 
106.5 30.56 348,495 
108.0 36.34 297,193 34.39 314,045 
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Table 4. Axial stress and logarithms of stress-damping ratios 
Run A B c D E 
Sn l°g S„ 
sn 
log or 
sn 
iog QT 
sn 
1*9 5? 
Sn 
109 D? 
Sn 
lo9 DT 
psi 
5,500 3.7404 4.8417 
5,620 3.7497 4.7831 4.7471 
9,800 3.9912 5.0157 4.9340 4.9212 
10,110 4.0047 5.0535 4.9940 
14,300 4.1553 5.0808 5.1162 
14,660 4.1655 5.0749 
19,280 4.2851 5.2677 5.2558 5.2356 5.1998 
24,100 4.3820 5.3198 5.2674 5.2806 
28,800 4.4594 5.3169 5.3448 5.3824 5.4216 5.3491 
33,700 4.5276 5.2608 5.3861 5.4173 
38,400 4.5843 5.4770 5.4833 5.4286 
39,400 4.5955 5.4256 
43,000 4.6335 5.5655 
44,300 4.6464 5.4449 
47,800 4.6794 5.5985 5.5705 5.6640 5.4651 
52,300 4.7185 5.5446 5.6058 
57,000 4.7559 5.5820 5.6214 5.6705 5.4988 
57,600 4.7604 5.4796 
61,900 4.7917 5.6440 5.5975 
63,500 4.8028 5.5528 
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Table 4 (Continued) 
Run A B C D E 
Sn iog Sn 
s n  
log s? 
s n  
log D? 
Sn 
log s? 
s n  
log D? 
Sn 
log qt 
psi 
67,000 4.8261 5.6224 5.6116 5.6431 5.6787 
69,700 4.8432 5.5425 
72,500 4.8603 5.6083 5.5782 
77,200 4.8876 5.6355 5.5877 5.5893 5.5592 
82,700 4.9175 5.6177 5.5937 
88,500 4.9469 5.6271 5.5499 5.5253 5.6335 
93,500 4.9708 5.6117 5.5537 
100,000 5.0000 5.5720 5.5333 
1 0 3 , 0 0 0  5.0128 5.4822 5.5719 
1 0 6 , 5 0 0  5.0274 5.5422 
1 0 8 , 0 0 0  5.0334 5.4731 5.4969 
From Table 4, 
21  21  c  
- Or 
Yi l09 Sn = 87.3635 , Y- 1o9(dt) = 107.4330 
1 
42 42 s 
Y~ log s n  =  9 7 . 3 0 8 1  ,  21109(57) =  1 1 5 . 4 8 2 0  .  
22 22 
If the above values are substituted in Eq. 40 there results 
87.3635 = 21 log K + 107.4330 , (41) 
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and 97.3081 = 21 log K + 115.4820 . (42) 
Simultaneous solution of Eqs. 41 and 42 yields m = 1.2355» 
log K = -2.I605, and K = 0.006912. Therefore, Eqs. 37 and 39 
become 
Sn = 0.006912(^ 7) , (37a) 
and log Sn =. -2.1605 + 1.2355 log(§?) . (39a) 
The constants in Eq. 38 are obtained by the above method 
also by using the last twenty-two sets of experimental data. 
Data in the vicinity of the proportional limit are not used in 
obtaining the constants for either Eq. 37 or 38 because the 
scatter in this neighborhood is much greater than elsewhere. 
Expressing Eq. 38 in logarithmic form 
log Sn = log k + n(Sû) . (43) 
If the last twenty-two sets of experimental data in Tables 3 
and 4 are used there is obtained: 
11 11 S 
log Sn = 53.8430 , Y- (D?) = 4,288,604 
1 1 
22 22 g 
y log S = 54.9552 , y (g?) = 3,883,268 . 
1 2 1 2 
When these values are substituted in Eq. 43 there is obtained 
53.8430 = 11 log k + 4,288,604 n , 144) 
and 54.9552 = 11 log k + 3,883,268 n , (45) 
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— £ 
whence n = -2.7439(10) , log k = 5.9646, and k = 921,750 psi. 
Therefore, Eqs. 38 and 43 become 
Sn = 921,750(10 ) 2*7 439(10) (Dr) (38a) 
and log = 5.9646 - 2.7439(10) 6 (5?) (43a) 
Equations 37a and 38a, or 39a and 43a, represent the 
experimental data quite well as is seen in Figs. 13 and 14. 
The stress-strain diagram, Fig. 11, was constructed to 
obtain Young's modulus. Other tests resulted in smooth curves 
similar to Fig. 11 with rupture occurring at 132,000 psi. It 
is at the rupture stress that complete plastic action is 
assumed to occur. 
However, since it was not possible to measure damping at 
rupture, the stress-damping curve, Fig. 10, was extrapolated to 
rupture by evaluating the damping capacity at various stress 
levels in the plastic range from Eq. 43a. Equation 39a was 
used to obtain values of damping capacity for extrapolating the 
proportional range relationship beyond the proportional limit. 
As noted in the analysis, the difference in damping capacity 
between these two relationships at rupture is postulated to be 
the maximum change in damping and to be directly proportional 
to the maximum change in plastic action. The difference at 
any lower stress is postulated to be proportional to the 
change in plastic action at the lower stress. Confidence is 
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placed in the extrapolations because Eqs. 39a and 43a are 
linear and represent the reduced experimental data quite well. 
Since the changes in damping capacity are proportional to 
changes in plastic action the ratio of the change in damping 
capacity at some lower stress to the maximum change at rupture 
is the fraction of the material that has changed from the 
initial elastic state to the plastic condition. At 132,000 
psi there is obtained from Eq. 43a 
c§»> = (5-96t^ Sn)io6 = (?-?6^ 7;3^ 206)io6 
= 307,591 , (43b) 
whence Dmax = " °-4291 • 
At the same stress, 132,000 psi, there is obtained from 
Eq. 39a 
log (&) = l0? Î1+i5ï1605 = ?-12^ 2^ f-16°? , (39b) 
whence D' = 0.1688 ; 
therefore, 
(4D1) = D' v - D' = 0.4291 - 0.1688 = 0.2603 . (46) iuoX lUdX 
Similarly, at 70,000 psi, 
AD' = 0.0220 . (47) 
Tables 5 and 6 present the data used in plotting the stress-
damping relationship shown in Fig. 10. « D^max and AD' in that 
figure are the values determined by Eqs. 46 and 47. 
As is postulated in the Analysis the fraction of the 
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material that has passed from the elastic to the plastic range 
at 70,000 psi is 
(A^> = "S5 x^ = §ti§§ » 0-0845 = 8.45% . 148) 
The fraction that has not changed from the elastic to the 
plastic condition is 
(^ ) = 1 - (^ ) = 0.9155 = 91.55# . 149) 
If the wire is completely elastic before application of 
the axial load, then (É&) is the total fraction of the material 
&t 
that is plastic at Lhe given stress level. However, if the 
material has been cold-worked prior to the damping test, then 
Ap (y££) represents the fractional increase of material in the 
plastic range. In either event, the stress-strain curve that 
is obtained is the customary tensile test curve that is pre­
dicted by Eq. 10. 
The intersection of the curves obtained by plotting 
Eqs. 39a and 43a in Figs. 13 or 14 is a more easily and more 
accurately read proportional limit than is the point of tan-
gency at which linearity ceases in a stress-strain curve. The 
proportional limit in axial stress, 62,500 psi, may be read 
from either Fig. 13 or 14. 
It has been remarked earlier that scatter of the stress-
damping data is greater near the proportional limit than 
elsewhere. Plastic action is masked more by the greater amount 
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Table 5. Values of damping capacity determined from Eq. 3a 
^n log Sn log (57) D' 
psi psi 
1 0 1.7487 56.07 0.0178 
5,000 3.6990 4.7426 55,288 0.0904 
10,000 4.0000 4.9862 96,875 0.1032 
20,000 4.3010 5.2298 169,750 0.1178 
30,000 4.4771 5.3724 235,700 0.1273 
40,000 4.6021 5.4736 297,600 0.1344 
50,000 4.6990 5.5520 356,500 0.1403 
60,000 4.7782 5.6161 413,100 0.1452 
70,000 4.8451 5.6703 468,000 0.1496 
80,000 4.9031 5.7172 521,400 0.1534 
90,000 573,600 0.1569 
100,000 624,600 0.1601 
110,000 674,700 0.1630 
120,000 724,000 0.1657 
130,000 772,300 0.1683 
132,000 782,000 0.1688 
140,000 820,200 0.1707 
of elastic action near the proportional limit than by the 
smaller amount of elastic action near the rupture stress. 
Therefore, the coefficient of work-hardening, B, is determined 
from Eq. 10 at an axial stress of 130,000 psi which is near 
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Table 6. Values of damping capacity determined from Eq. 7a 
Sn> Psi log Sn (§r), psi D» 
60,000 4.7782 432,377 0.1388 
70,000 4.8451 407,996 0.1716 
80,000 4.9031 386,858 0.2068 
90,000 4.9542 368,235 0.2444 
100,000 5.0000 351,543 0.2845 
110,000 5.0414 336,455 0.3269 
120,000 5.0792 322,679 0.3719 
130,000 5.1139 310,033 0.4193 
132,000 5.1206 307,591 0.4291 
140,000 5.1461 298,298 0.4693 
rupture. Solving Eq. 10 for B one obtains 
. • 
A A 
in which H is (-%—) and H is (-r&). Upon substituting values 
e Ap P At 
previously determined from the experimental data in Eq. 10a, 
one obtains 
B = 130.000 - (28.3)(6.4)(35.7) - 62.500(0.9641) 
(6.40 - 2.208)(10"3)(0.9643) 
= 15.65(10)* psi. 
Values of B determined at various stress levels are given in 
Table 7. The value found above produces closer agreement with 
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Table 7. Values of B evaluated at various stress levels 
Sn 
E(10)6 
€(10)" 3 H,, (10) Hp(10) BUO)6 
psi psi psi psi 
130,000 28.3 6.40 2.208 62,500 0.357 9.643 15.65 
120,000 28.3 5.25 2.208 62,500 2.078 7.922 16.44 
110,000 28.3 4.45 2.208 62,500 3.703 6.297 17.00 
100,000 28.3 3.88 2.208 62,500 5.221 4.779 16.02 
the experimental stress-strain curve than do the values at 
other stress levels. 
Equation 10 can be used to predict axial stress from 
axial strain only if H and H have been determined as 
e p 
Table 8. Plastic and elastic fractions at various axial 
stresses 
Sn 
psi 
D* Hp "O) H*(10) 
70,000 0.0220 0.845 9.155 
80,000 0.0534 2.051 7.949 
90,000 0.0875 3.362 6.638 
100,000 0.1244 4.779 5.221 
110,000 0.1639 6.297 3.703 
120,000 0.2062 7.922 2.078 
130,000 0.2510 9.643 0.357 
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Table 9. Stress-strain points determined from Eq. 10c 
Sn, psi 27,945Hp 28.3He(10)6 15.65% (10)* (10) 
70,000 2,361 25.908 1.322 2.48 
80,000 5,732 22.496 3.210 2.89 
90,000 9,395 18.785 5.261 3.35 
100,000 13,355 14.775 7.479 3.89 
110,000 17,597 10.479 9.855 4.54 
120,000 22,138 5.881 12.398 5.35 
130,000 26,947 1.010 15.091 6.40 
functions of strain. In this investigation these fractions, 
recorded in Table 8, have been found as functions of stress 
only. With this information only strain at a specified stress 
can be predicted. Therefore, the equation to predict the axial 
strains corresponding to given axial stresses in the wire is 
e  . .  
e p 
Upon substituting the constants previously determined the 
equation becomes 
Sn - 27,94% 
^ " (2ti.3He + 15.65Hp)10b • (10c) 
The axial unit strain predicted for an axial unit stress of 
70,000 psi is 
f = 28.3»%^» U0>J = 2.45(10-', . 
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The values for plotting the predicted stress-strain curve of 
the wire, Fig. 15, are given in Table 9. 
It is to be noted that for stresses less than the propor­
tional limit, Sy, in which range plastic action is assumed to 
be negligible, the prediction equation simplifies to Hooke's 
law. 
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Fig. 15. Comparison of experimental with predicted tensile 
stress-strain diagram 
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CONCLUSIONS 
The results obtained in this investigation lead to the 
following conclusions. 
1. Plastic deformation in low-carbon steel is a progres­
sive action. At any engineering or nominal stress level 
between the proportional limit and rupture a certain finite 
fraction of the material is plastic and the remainder is 
elastic. 
2. The effect of plastic action on the stress-strain 
relationship for polycrystalline steel below the proportional 
limit is negligibly small. 
3. The change in damping due to plastic action below the 
proportional limit is negligible in comparison to the change 
in damping due to plastic action above the proportional limit. 
Above the proportional limit the change in damping capacity 
due to plastic action may be taken as the difference between 
the extrapolated stress-damping curve that holds below the 
proportional limit and the stress-damping curve that holds 
above the proportional limit. 
4. On the basis of the agreement of the predicted and 
experimentally determined tensile stress-strain curves the 
following postulate appears reasonable: the fraction of any 
transverse area of the wire that changes from elastic to 
plastic action as the axial tension is raised to any engineer­
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ing stress level can be expressed as the ratio between the 
change in damping capacity that occurs in reaching that stress 
and the maximum change in damping capacity that occurs in 
reaching the ultimate stress. 
5. It appears that the proportional limit may be deter­
mined by finding the intersection of the curves of stress 
versus the ratio of stress to damping capacity that hold below 
and above the proportional limit. This intersection is 
clearly defined with either logarithmic or semi-logarithmic 
coordinates. 
6. The relationship between axial stress and strain for 
low-carbon steel wire can be predicted from stress-damping 
data if the work-hardening coefficient is available. The 
prediction equation as developed herein is 
g • Sn - (SY ' 
BV HP . 
EHe + BHp 
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RECOMMENDATIONS FOR FUTURE WORK 
It is recommended that this method be applied to metals 
other than low-carbon steel in order to determine its general 
applicability. 
Further study of the work-hardening coefficient, B, is 
also recommended. It may be observed from Table 6 that B 
6 
appears to increase with stress to 17(10) psi, and thereafter 
6 
to decrease to 15*65(10) psi. This may indicate a stress 
region in which B is variable, or it may result from the 
masking of plastic action by elastic action. 
In future work an attempt to improve the wire holding 
device should be made to prevent slipping at high loads. 
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SYMBOLS EMPLOYED 
= area in elastic action 
e 
Ap = area in plastic action 
A^ = original transverse area 
B = work-hardening coefficient 
2 
D = damping capacity = -
E = Young's modulus 
= elastic component of total axial stress 
Fp = plastic component of total axial stress 
Ft = total axial stress 
A 
H = = elastic fraction 
e At 
A 
H = -7e = plastic fraction 
p At 
S = unit stress 
S = elastic stress 
e 
Sn = nominal engineering stress 
S„ = plastic stress 
P 
Sy = proportional limit 
a = initial double amplitude 
b = double amplitude at the tenth oscillation 
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6 = unit strain 
= elasticity 
k, K, m, n = arbitrary constants 
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